An efficient and practical preparation of 2-arylbenzo[b]furan molecules including natural egonol, XH-14, ailanthoidol, and unnatural derivatives is demonstrated using Sonogashira coupling, iodine induced cyclization and Wittig reaction. Anti-inflammatory effects of the prepared benzo[b]furans were examined in lipopolysaccharide (LPS)-stimulated RAW 264-7 macrophages. The results showed that ailanthoidol, XH-14 and three other unnatural derivatives (9-10, 13) inhibited significantly the production of inflammatory mediator nitric oxide without showing cytotoxicity.
Introduction
The 2-arylbenzo[b]furan structure is prevalent in a wide variety of biologically active natural and unnatural compounds. 1 Many 2-arylbenzo[b]furan derivatives are well-known to exhibit broad range of biological activities including anticancer, 2 antiproliferative, 3 anti-inflammatory, 4 antiviral, 5 antifungal, 6 immunosuppressive, 7 antiplatelet, 8 antioxidative, 9 antifeedent, 10 and insecticidal activities. 11 The investigation of structure-activity relationships for 2-arylbenzo[b]furan substituents is still attractive due to variety of biological activities. A number of synthetic approaches to the 2-arylbenzo[b]furan derivatives have been introduced in recent years. 12 Recently, we synthesized egonol 2, isolated from the seed oil of Styrax japonicum, in 5 step reaction procedures in 74% overall yield from vanillin 1, and also prepared its derivatives 3-7 ( Fig. 1 ).
13
Another 2-arylbenzo[b]furan natural product XH-14 (8, Fig. 2 ), isolated from Salvia miltiorrhiza Bunge (Chinese name "Danshen") which has been widely used in China for the treatment of cardiovascular diseases such as acute myocardial infarction and angina pectoris, 14 was also synthesized in 9 steps overall 23% yield from vanillin by mainly using Sonogashira coupling reaction with iodine induced cyclization. 15 The key features of our synthesis of benzofuran nucleus were regioselective halogenation, Sonogashira coupling and halogen-induced cyclization in different substituents including optimiza- Scheme 2. Total synthesis of ailanthoidol 14 from vanillin 1 tion of the synthetic sequences. The modifications of XH-14 were given only to the synthesis of C-2 and C-3 substituted analogs. Due to its high selectivity for the A 1 receptor subtype, the preparation of analogs for SAR tests was clearly of interest. In order to prove the role of other substituents on XH-14 in biological selectivity, the derivatives of XH-14, 9 and 10, were prepared using similar procedures in 9 steps overall 30% and 55% yield, respectively. 16 In this report, we describe the synthesis of 3-deformylated benzofurans 11-14 ( Fig. 3 ) including ailanthoidol 14 and the comparison of anti-inflammatory effects for the prepared 13 benzofurans 2-14.
Results and Discussion
In order to prove the importance of 3-formyl substituent in 2-arylbenzo[b]furans for their biological activities, we prepared 3-deformylated derivatives of XH-14 (8) and analogues 9-10. The synthetic intermediates 15-17, 15, 16 which have 3-iodo substituent, for the syntheses of XH-14 and analogues 9-10 were easily transformed to deiodo-benzofurans 18-20 by using LiAlH4 reduction, and which were then debenzylated with BBr 3 to afford the desired 3-deformylated benzofurans 11-13 in high yields (Scheme 1).
The ailanthoidol 14, which is a natural 3-deformylated 2-arylbenzo[b]furan, was isolated from the chloroform-soluble fraction of the tree of Zanthoxylum ailanthoidos. 17 While there have been no reports on this compound's biological activities, extracts of the bark and leaves of this tree have been used in folk medicine.
Previous synthetic strategies for XH-14, basically, were applied for the ailanthoidol synthesis as shown in Scheme 2. Regioselective iodination of vanillin 1 using I2-Ag2SO4 in EtOH at rt gave 3-iodovanillin 21 in 85% yield. Sonogashira coupling reaction of the iodovanillin with the acetylene 22 by using Pd(PPh3)4/CuI/TEA/DMF resulted in a coupled and cyclized benzofuran product 23 in 92% yield. Direct cyclization of the coupled product in one-flask is due to the presence of free 4-OH group of iodovanillin 21. The only coupled product without cyclization can be isolated with the protection of the 4-OH of iodovanillin in the reaction. The Wittig reaction of the coupled benzofuran 23 in methylene chloride at reflux with (carbethoxymethylene)triphenylphosphorane produced 99% yield of only (E)-24 which was then debenzylated to 25 (98%) with TiCl 4 and reduced to ailanthoidol 14 (95%) using DIBAL-H. of LPS, and NO production was determined. Statistical significance is based on the difference when compared with LPS-stimulated cells (*P < 0.05, **P < 0.01, ***P < 0.001).
Table 1. Inhibitory activities of 2-arylbenzo[b]furans 2-14
Compound NO production (% inhibition)
Egonol (2) 76.1 ± 0.5 (23.9) 138.1 ± 0.9 (-38.1) 5-(3-Actyloxypropyl)-7-methoxy-2-(3,4-methylenedioxyphenyl)benzofuran (3) 86.9 ± 1.4 (13.1) 126.3 ± 1.1 (-26.3) 5-(3-Propanoyloxypropyl)-7-methoxy-2-(3,4-methylenedioxyphenyl)benzofuran (4) 69.6 ± 1.8 (30.4) 125.0 ± 1.0 (-25.0) 5-(3-Hydroxyprop-1-en-yl)-7-methoxy-2-(3,4-methylenedioxyphenyl)benzofuran (5) 113.4 ± 1.5 (-13.4) 179.1 ± 2.8 (-79.1) 5-Formyl-7-methoxy-2-(3,4-methylenedioxyphenyl)benzofuran (6) 110.9 ± 0.7 (-10.9) 150.3 ± 3.3 (-50.3) 5-Carbethoxyethenyl-7-methoxy-2-(3,4-methylenedioxyphenyl)benzofuran (7) 118.3 ± 3. The results are reported as mean value ±SEM for n = 3. % inhibition is based on LPS as shown in parentheses. Inflammation is a beneficial host response to a foreign challenge or tissue injury that leads ultimately to the restoration of normal tissue structure and function, however, prolonged inflammation contributes to the pathogenesis of many inflammatory diseases. 18 In order to investigate the anti-inflammatory properties of the prepared 13 benzofurans 2-14, we measured the amount of nitric oxide (NO), which is one of the essential mediators on inflammation, in lipopolysaccharide (LPS)-stimulated RAW264.7 macrophages (Fig. 4 and Table 1) . 19 Benzofurans 8-14 (Fig. 4a, 10 µM) significantly suppressed the production of NO in LPS-stimulated RAW264.7 cells. The strong inhibitory activity was shown in benzofurans 8, 10, 13 and 14. Among these active compounds, ailanthoidol 14 showed 100% inhibition of NO production at 10 µM and 35% inhibition even at 1 µM (Fig. 4b) . As shown in Fig. 5 , the cell viability was not affected by the all synthetic benzofurans 2-14, indicating no cytotoxicity.
In conclusion, the practical and optimized 5 step reaction procedures produced ailanthoidol (14) in 72% overall yield from vanillin. Ailanthoidol, egonol, XH-14 and their derivatives were examined their anti-inflammatory activity in lipopolysaccharide (LPS)-stimulated RAW 264-7 macrophages. Among these benzofurans, ailanthoidol showed 100% inhibition of NO production at 10 µM and 35% inhibition even at 1 µM. The cell viability assay at 10 µM indicated that the all synthetic benzofurans 2-14 did not show any significant cytotoxicity.
Experimental
All chemicals used were purchased from commercial sources and used as received unless otherwise stated. NMR spectra were recorded at Varian Mercury-300 MHz FT-NMR for General procedure of debenzylation. 13 C NMR (75 MHz, CDCl3) δ 27.0 (propyl C2), 33.2 (propyl C1), 55.7 (C3'-OCH3), 55.9 (C5-OCH3), 61.7 (CH2OH), 99.8 (C4), 100.9 (C2'), 107.6 (C5'), 111.6 (C6), 115.2 (C7), 118.1 (C6'), 122.9 (C3a), 127.4 (C1'), 128.5 (C3), 146.5 (C4'), 147.2 (C3'), 149.2 (C5), 154.1 (C7a), 155.8 (C2).
2-(4-Benzyloxy-3-methoxyphenyl)-5-(3-benzyloxypropyl)-6-methoxybenzofuran (19): Yield (92%

2-(4-Hydroxy-3-methoxyphenyl)-5-(3-hydroxypropyl)-7-methoxybenzofuran (11):
4-Hydroxy-3-iodo-5-methoxybenzaldehyde (21):
To a solution of vanillin (1.0 g, 6.572 mmol), iodine (2.081 g, 7.887 mmol) and silver sulfate (2.459 g, 7.887 mmol) in EtOH (50 mL) was stirred for 1 hr at room temperature. The solvent was evaporated, extracted with CH 2 Cl 2 (5 mL × 3), and the organic layer was washed with water (20 mL) and brine (20 mL). The combined organic layer was dried over anhydrous MgSO4 and Cell culture and cell viability assay. RAW264.7 murine macrophages were obtained from the Korean Cell Bank (Seoul, Korea) and cultured in DMEM containing 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 o C in 5% CO2. The effects of the prepared 13 benzofurans 2-14 on cell viability were tested using the CellTiter 96 ® AQueous One Solution Assay of cell proliferation (Promega, Madison, WI), which uses colorimetry to count the number of viable cells. This assay was used to determine the number of viable cells remaining after the culturing process was complete. RAW264.7 cells were plated at a density of 2 × 10 4 cells in a 96-well flat-bottom plate, and the prepared 13 benzofurans 2-14 were added to each plate at concentrations of 0, 1 and 10 µM. After a 24 h incubation period, the number of viable cells was counted according to the manufacturer's instructions.
Measurement of NO. The amount of NO produced by the mouse macrophage was indicated by the amount that was measured in the RAW264.7 cell culture supernatant. RAW264.7 cells were plated at a density of 5 × 10 5 cells in a 24-well cell culture plate with 500 µL of culture medium and incubated for 12 h. They were then treated with 1 or 10 µM of each compound in 1 µg/mL of LPS and incubated for another 18 h. The amount of NO produced was measured using the Griess reagent system (Promega). 
